Sargassum swartzii, marine macro brown alga, showed a high malachite green (MG) biosorption capacity in batch mode of operation. The analytical evidence from Fourier transform infrared spectra confirmed the involvement of amine group in the biosorption of MG and electrostatic interaction type of mechanism was proposed to occur between the amine group of dye and the cationic MG dye solution. Scanning electron micrograph shows the morphological features and the attachment of dye onto the biosorbent. pH edge experiment shows that biosorption capacity was maximum at pH 10.
n Represents the favourability of the adsorption process q max Maximum dye uptake per unit mass of the biosorbent to form monolayer (mg/g) q e Equilibrium adsorption capacity (mg/g) q t Dye uptake at different time (mg/g) INTRODUCTION especially industrial dye, has been listed as one of the hazardous substances which are being discharged into the water bodies. There are tremendous applications of dye in the industries such as paper, printing, plastic, pharmaceuticals, food, textile, leather, cosmetics, etc. for adding colour to the manufactured products. Thus, these effluents generate highly coloured wastewater with high organic contents. It is estimated that annually more than 7 × 10 5 tones of dyes and pigments are produced throughout the world. Out of which 1 × 10 4 tons of dyes are colour indexed and come under the category of chemical application classes. About two-thirds of the dye stuffs produced are used in the textile industry alone, from which 10-15% of the used dyes come out as effluent (Garg et al. ) . The dye contaminated water bodies affect the plant kingdom by inhibiting the photosynthesis process because of less passage of light into dye-bearing wastewater. Some of the coloured dyes inhibit the growth of microorganism because they may contain certain harmful and toxic chemicals. Hence, these dye chemicals threaten mammals in the form of carcinogens. The degradation of the dyes is very tedious. Therefore, there is less chance of biodegradation. Several invigilators have tried to remove the dyes from the wastewater by various conventional methods as well as the biological treatment methods, but the outcome was either poor performance or high cost.
Malachite green (MG) is a basic dye, commonly used for dyeing textiles and paper. Both MG and its major metabolite, leuco-MG, have mutagenic, carcinogenic and teratogenic effects (Fewson ) . MG is generally resistant to chemical and biological degradation due to its complex structure. In solution, the molecular structure of MG is determined by the pH because it exists in two forms at acidic and basic medium. In alkaline state, the structure of cationic chromatic MG is changed to precipitate carbinol base and, simultaneously, the colour is lost (Fu & Viraraghavan ) . Several industrial effluents are released into the water bodies. Among those industrial wastewater, dye-bearing wastewater from textile and dyestuff industries is complicated water for the treatment. Most of the dyes have synthetic and complex aromatic structures, which makes them more stable, so it is very difficult to biodegrade (Banat et al. ) . The dyes used in the industries may be reactive, basic, disperse, azo, diazo, anthraquinone based and metal complex dyes. There are a number of physical treatment methods like flocculation, chemical coagulation, precipitation (Ho & McKay ) , ozonation (Mohan et al. ) and adsorption (Ramakrishna & Viraraghavan ) for the treatment of dye-bearing wastewaters. However, usage of physical or chemical process has been limited due to various drawbacks such as high cost, formation of hazardous byproducts and intensive energy requirements (Aksu ) .
However, a biological process has been recommended and approached by most of environmental researchers due to their impending property of removal of dyes from textile wastewater. The common biological processes are namely biosorption (Chao & Lee ) , bioaccumulation (Vieira & Volesky ) and biodegradation (Koumanova et al. ) . Among the three, biosorption has been widely applied because the biomass is not affected by the toxic chemicals and it can be used for many cycles by regeneration (Mohan et al.  There are number of biosorbents for the treatment of various industrial effluents. However, it is necessary to develop a low-priced or cost-free biosorbent that are easily accessible with lofty adsorption capacities. Sargassum, popular marine brown algae, is well recognized for its biosorption capacity (Bekci et al. ; Jerold et al. ) . These algal seaweeds are locally obtainable in copious quantity. Such fast growing seaweeds sometimes threaten the tourist industry by producing a foul odour. Therefore, utilization of biomass for the biosorption process could be one of the beneficial features for the local communities. Hence, Sargassum a cheap and low cost biosorbent has been chosen for this study. Thus, the objective of this study is to employ locally available seaweed (Sargassum swartzii) for the biosorption of a cationic dye MG in batch mode of operation.
MATERIALS AND METHODS

Adsorbate
The basic dye used in this study is MG. MG is a highly complex structured dye has a wide application in the textile industry as well as medicinal fields (Fewson ) . It is extremely difficult to remove from the aqueous solution because of its peculiar properties. Hence, it is chosen to be removed from aqueous solution. The maximum absorbance of this dye is 617 nm. The structure of MG is shown in the Figure 1 .
Preparation and characterization of adsorbent S. swartzii collected in Mandapam (India) was washed with running tap water and then sun dried. The fine dried biomass was grounded to an average particle size of 0.7-1.0 mm and then protonated using 0.1 M HCl for 3-4 h (Vijayaraghavan & Yun ) . The biomass was washed with distilled water to remove the excess of HCl and dried at 60 W C in hot air oven (Labline, India) for 8 h. The dried algal biomass was stored in air tight plastic bottles for further use. Scanning electron microscopy (SEM) (JSM -6390LV, JEOL, USA) analysis was carried out on the S. swartzii, to study its surface texture before and after MG adsorption. Fourier transform infrared (Nicolet Avatar 370, Thermo Scientific, India) analysis was applied on the S. swartzii biomass and dye adsorbed S. swartzii to determine the surface functional groups, where the spectra were recorded from 4,000 to 400 cm À1 .
Batch biosorption experiment
Batch equilibrium experiments were conducted in 250 mL Erlenmeyer flasks by adding 0.1 g of S. swartzii biomass to flask containing 100 mL different concentration of MG at desired pH conditions. After 3 h of contact time, equilibrium the supernatant was withdrawn and the residual dye content was analyzed using UV spectrophotometer (Model 2201; Systronics, India) at a wavelength of 617 nm. The amount of dye adsorbed by alga was calculated using the following equation:
where q e uptake of MG dye at equilibrium (mg/g), C 0 and C e are the initial and equilibrium MG dye concentrations in the solution (mg/L), respectively, V the solution volume (L), and M the mass of biosorbent (g). MG-free and alga-free blanks were used as controls.
To study the effect of solution pH, a sample of 0.1 g adsorbent was added to dye solution (100 mL, 100 mg/L) at a constant temperature (30 W C). The experiments were carried out at pH 3-10. The air tight capped Erlenmeyer flasks agitated subsequently in an isothermal shaker (OSI-24C; Labline, India) at 150 rpm and 30 W C for 3 h. After 3 h, the concentration of the MG in the solution was measured as above.
The effect of biomass concentration on the biosorption of dye was predicted by agitating 0.05 g, 0.1 g, 0.2 g, 0.4 g, 0.6 g, 0.8 g, and 1.0 g of algal biomass with 100 mL of MG solution of initial dye concentration 100 mg/L for 3 h of contact time at a preset optimum solution pH of 10. A similar procedure was adopted for optimizing the temperature for the biosorption MG.
The batch biosorption kinetics experiment was carried out at various initial concentration of MG. These investigations were performed as a function of time. At different time interval samples were withdrawn and analyzed for biosorption of MG. The dye uptake at time t, q t (mg/g), was estimated using the mass balance
where V is the solution volume (L), M is the mass of the biosorbent (g) and C 0 and C e are the initial and equilibrium dye concentrations in the solution, respectively.
Desorption and regeneration studies
The reusability of biosorbent with efficient elution of adsorbate is extremely important for any potential application of a biosorbent. Therefore, attempts were made to desorb MG from MG-loaded biosorbent. In the present investigation, three different eluting agents were used for the desorption process. In desorption experiments, dye loaded S. swartzii was constantly agitated incubatory shaker at 150 rpm for 1 h at 303 K with 100 mL of elutant. Subsequently, the biosorbent is washed several times with distilled water and dried reconditioned for later use.
Column studies
In order to investigate the practical application of biosorption process, a continuous flow experiment was conducted in packed bed glass column with an i.d. 1.5 and 20 cm in length. A layer of glass beads was placed at the bottom of the column to provide a uniform inlet flow of dye solution into the column. Followed by the glass beads a 0.5 mm glass wool serves as the supporting bed for the resting of the biosorbent (S. swartzii). A dye solution (pH 10) of 5 mg/L was fed into the column with a flow rate of 10 mL/min using a peristaltic pump (Rivotek-50171 002; Riveria, India). The effluents were collected at different fractional volume and subjected to the UV analysis. The operation was stopped when the effluent concentration exceeded a value of 99.5 mg/L or higher.
RESULTS AND DISCUSSION
Characterization of biosorbent
The macro and ultra structural changes in the surface of dry biomass of S. swartzii before and after biosorption were examined by scanning electron microscope ( Figure 2 ). The extensive changes of ultra structure of the dye-loaded macroalgal biomass are depicted in the SEM electronograph. The characterization has revealed that there is a considerable shrinkage in the cell wall of the tested macro-algal biomass when compared with the natural biomass of S. swartzii. A similar change was noted in the Sargassum cell wall matrix (Sekhar et al. ) .
In biosorption, functional groups play an important role. Thereby, it is important to identify the functional group that is contributing towards the biosorption of MG. The Fourier transform infrared spectroscopy (FT-IR) spectra for the dye-free and dye loaded Sargassum biomass was obtained by analyzing at a wave number ranging from (500-4,000 cm À1 ) and their type of vibration along with the type of functional group is listed in the Table 1 . From the spectra it is observed that there is a significant shift in the peak (2,928.97 cm À1 -1,732.12 cm À1 ) as shown in Figure 3 . Hence, the shift in the spectra reveals that there is a strong binding of cationic dye MG with H-C-H Asymmetric and Symmetric Stretch. It depicts that alkyl group facilitates the biosorption of MG onto to the algal biomass. This shift in peak values may be due to the formation of chemical bond between functional groups present on algal biomass and MG.
Similarly, the peak at 1,632.32 cm À1 , 1,443.53 cm À1 corresponds to C ¼ O stretching due to the functional groups such as alkyl and ketones, respectively. The other peaks present in the spectra of free Sargassum biomass are 1,637.47 cm À1 , 1,448.45 cm À1 , 1,328.57 cm À1 , and 1,051.19 cm À1 . However, after biosorption these peaks have been slightly displaced to 1,443.53 cm À1 , 1,172.30 cm À1 , 1,030.49 cm À1 , and 533.59 cm À1 , respectively. The shifts were due to formation of functional groups (Donmez et al. ; Wang et al. ) . Figure 4 shows the plot of equilibrium dye uptake, q e (mg/g) and percentage of colour removal against biomass concentration (g/L). From Figure 4 , it is observed that as the biomass concentration increased from 0.1 g to 1.0 g there is a declination in the uptake of dye from 71.7 mg/g to 8.8 mg/g, whereas the percentage of MG removal increased from 71.7% to 88%. The reduction in the biosorption capacity is due to the splitting effect (i.e.) flux variation between the adsorbate and adsorbent. However, at higher biomass concentration a lesser amount of solute molecules are present due to the rapid superficial adsorption on to cells of algal biomass. Hence, the percentage of colour removal is greater at high dosage of biomass (Tsai & Chen ) .
Effect of biomass loading
Effect of solution pH on dye biosorption
The effect of pH on biosorption of dye was studied using 100 mg/L initial MG concentration, pH 3-10 at 30 W C as shown in Figure 5 . From Figure 5 , it is observed that there is a significant variation in the q e value between the pH values 3-10. It was noted that there is a gradual increase in the biosorption of dye as the pH is shifted from 3 to 10. The lower the pH, the lower the biosorption of dye, hence, at pH 3 it was recorded as (3 mg/g). The equilibrium dye uptake q e tends to increase with an increase in pH. As the pH raised from 3 to 10, q e also found to increase from 3 mg/g to 73.3 mg/g. Figure 6 represents the uptake of dye at various MG concentrations and at various pH conditions. A similar result was reported by Crini (). The biosorption was extremely low in an acidic condition. Perhaps, at acidic medium the presence of excess H þ ions compete with the cationic group on the dye for the active binding site on the biosorbent. The polarity of algal biomass (S. swartzii) gets turned to negative at alkaline medium. Hence, there is minimum or no repulsion whereas as an electrostatic force of attraction enhances the attraction of cationic malachite dye towards the negatively charged biomass. The functional groups present on the cell wall of algal biomass (Figure 3 ) such as carboxyl, hydroxyl, sulphate and other charged groups have been noted to have a high impact on the uptake of dye.
Biosorption isotherms
Generally, the biosorption isotherms are applied to compute the concentration of adsorbate in the bulk phase and interface of biosorbent at equilibrium. The experimental results were tested with various isotherms such as Langmuir, Freundlich and Temkin. The Langmuir isotherm has been successfully used to explain the biosorption of acid dye from the aqueous solution. Langmuir model has two assumptions: the adsorbed molecules have no further interaction between the adsorbate and the formation of saturated monolayer of solute molecules on the surface of the adsorbent (Langmuir ). Langmuir model is expressed as
where q e (mg/g) is the amount of dye adsorbed per unit mass of the biosorbent and C e (mg/L) is the amount of adsorbed dye per unit mass of sorbent and unadsorbed dye concentration in solution at equilibrium. q max uptake of dye per unit mass of the biosorbent in order to form monolayer on the surface of algal biomass at an equilibrium concentration K L and is a constant related the binding site affinity towards the sorbate (L/mg). The linearized form of Langmuir isotherm equation is as follows:
If the plot of specific adsorption (1/q e ) against the equilibrium concentration (1/C e ) is linear then it is concluded that particular adsorption system obeys the Langmuir model. The slope and intercept of the plot reciprocates the Langmuir constants q max and K L , respectively, were tabulated in Table 2 .
The separation factor R L is a dimensionless constant which portrays the significant characteristics of Langmuir isotherm which is presented in the following equation:
where C 0 is the maximum initial concentration of adsorbate (mg/L), and K L (L/mg) is Langmuir constant. The separation factor R L can be in following forms based on the shape of isotherm either unfavourable (R L > 1), linear (R L ¼ 1), favourable (0 < R L < 1), or irreversible (R L ¼ 0). In the case of favourable isotherm, the R L values are between 0 and 1. In the present study biosorption of MG onto Sargassum biomass the R L value is found to be 0.1370 as shown in Table 3 . Therefore, the adsorption is favourable.
The biosorption in a heterogeneous system is described by the application of Freundlich isotherm (Freundlich ). It is being noted that at pH 10 both Freundlich constants (K F and n) also reached their maximum values. This illustrates that at this particular pH the adsorption capacity has reached the higher value, meanwhile the affinity between biomass and dye also peaked.
From the Freundlich equation, K F (mg/g) is the adsorption capacity of the sorbent and n represents the favourability of the adsorption process. The main usage of this isotherm is that easily deducible constants are integrated. The degree of exponent, 1/n furnishes an enhanced implication concerning the adsorption favourability. Suppose n > 1, then it naturally reflects that adsorption is favourable. A plot of ln (q e ) vs ln (C e ) derived from linearized Freundlich equation is used to determine the constant values K F and 1/n.
From the plot, values of K F and n are calculated from the intercept and slope and summarized in Table 2 .
The principal assumption of Temkin isotherm is that the heat of adsorption increases linearly on a surface (Temkin & Pyzhev ) and the molecules adsorbed over the surface is exemplified with uniform binding energies up to a certain maximum limit. Consequently, Temkin & Pyzhev () suggested that due to the effect of indirect interaction of sorbate molecules, there is significant reduction in the heat of adsorption of the sorbate on the surface of the adsorbent. The general Temkin isotherm is presented as follows: and can be linearized as:
where B ¼ RT/b, b is the Temkin constant related to heat of sorption (J/mol); A is the Temkin isotherm constant (L/g), R is the gas constant (8.314 J/mol K) and T is the absolute temperature (K). Therefore, by plotting q e versus ln C e enables one to determine the constants A and B as shown in Figure 7 . The constants A and B are listed in Table 2 .
From Table 2 , it is concluded that the experimental data fitted well with Langmuir isotherm model with the highest coefficient of determination of R 2 ¼ 0.99. The monolayer adsorption capacity according to this model was 111.1 mg/g at 30 W C. The fact that the Langmuir isotherm fits the experimental data very well may be due to homogeneous distribution of active sites onto the surface of algal biomass, since the Langmuir equation assumes that the surface is homogenous. Table 4 compares the adsorption capacity of different types of biosorbents used for removal of MG. The most important parameter to compare is the Langmuir q max value since it is a measure of adsorption capacity of the biosorbent. The value of q max in this study is larger than those in most previous works. This suggests that MG could be easily adsorbed on the surface of the macro algae S. swartzii.
Biosorption kinetics
Lagergren described the linear form of pseudo-first-order model (Ho & McKay ) which is presented as q e À q t ð Þ¼ log q e À k 1 t 2:303 (10)
The rate constant of the reaction is obtained by plotting a linear plot of log (q e Àq t ) against time. Suppose one gets a linear plot with good correlation coefficient, that reflects that biosorption of MG onto the Sargassum biomass obeys the Lagergren's equation. Hence, the biosorption process obviously follows the pseudo-first-order rate kinetics. The respective constants of the first-order kinetics (k 1 ) and q e are evaluated from the Lagergren's model and presented along with their corresponding coefficient of determination in Table 5 . It was noted that pseudo-first-order model did not fit well and, also, there was a strong divergence in the experimental and calculated q e values. So, it clearly shows that the biosorption of MG does not follow the first-order kinetics.
The linearized pseudo-second-order kinetics can be expressed as
where (q e ) equilibrium adsorption capacity and k 2 (g/mg h) the second-order constants can be determined from the plot of t/q t versus t. The values of k 2 and q e were computed from the model and are presented along with their respective coefficient of determination in Table 5 . The comparison of data in Table 5 suggests that there is a straight forward coincidence with the experimental and calculated q e values of pseudo-second-order model. So, it is obviously known that adsorption kinetics is better suited with the pseudo-second-order model.
Mechanism of biosorption
Weber's intraparticle diffusion remarkably illustrates the mechanism and the rate controlling steps influencing the biosorption kinetics. Thus, this model is expressed as:
where C and k id are the intercept and the intraparticle diffusion rate constant (mg/g h 1/2 ) respectively, which can be evaluated from the plot q t versus t 1/2 and the corresponding values are listed in Table 6 . The rate controlling step can be predicted by understanding the concept of boundary layer effect. The intercept of the plot represents the boundary layer effect. Consequently, as the intercept is larger, thereby the greater the involvement of sorption surface area towards the rate controlling step. If the plot q t versus t 1/2 is linear and the regression of the line passes through the origin, one can say that the rate-limiting step is governed by intraparticle diffusion. However, in the present study, at various concentrations, an absolute linearity was not obtained, hence they did not pass through the origin and also the coefficient of determination R 2 < 0.93. This clearly illustrates that the intraparticle diffusion was not only the sole rate controlling step.
Thermodynamic studies
Thermodynamic parameters including Gibbs free energy change (G), enthalpy change (H) and entropy change (S) were calculated from the following equations:
where K c is the Langmuir constant, T is the temperature in K and R is the gas constant. ΔH˚and ΔS˚values were calculated from the slopes and intercepts of the plot of ln K c vs 1/T. Thermodynamic parameters at various temperatures are presented in Table 7 . ΔG W gives an indication about the type of adsorption. In the present investigation, negative ΔG W value indicates the feasibility and spontaneous nature for the biosorption of MG. It is observed that, as the temperature raises from 303 to 333 K, ΔG W changes from À455.73 to À2,968.59 kJ/mol, it clearly indicates that adsorption is highly spontaneous at higher temperature. ΔH W , another thermodynamic parameter which is found to be positive, indicates the endothermic nature of the biosorption process. In addition, the positive standard entropy reveals that there is an increase in randomness at the solid-liquid interface during the sorption of MG onto the surface of biosorbent.
Regeneration studies
The reusability of the biosorbent is the salient feature of the biosorption technology. Therefore, the investigation on desorption and regeneration were carried to check the reusability of the biosorbent. Consequently, attempts were made to desorb MG from MG loaded S. swartzii. From Figure 5 , it is clear that acidic conditions are not favourable for MG biosorption onto S. swartzii. Thus, it would be rational that acidic condition will be more suitable for the recovery of the sorbed dye molecules. Accordingly, 0.1 M HCl was employed as a desorption agent and the elution was 99.99%. Hence, the performance was very satisfactory under strong acidic (low pH) conditions. This was due to the increase in the number of positively charged sites on the surface of the sorbent which created an electrostatic repulsion and, thus, created a vacancy of binding sites on the biomass.
Design of batch biosorption system
Consider a single stage batch biosorption process as shown in Figure 7 . The dye of V (L) and C 0 (mg/L) is fed. M (g) of biosorbent Sargassum biomass is made to contact the dye solution for predetermined time. At an equilibrium stage, the concentration of the dye is reduced from C 0 to C 1 and the uptake of dye on to the biomass is shifted from q 0 (mg/g) to q 1 (mg/g). The mass balance for the biosorption of dye onto the biomass in batch process is given by
At the initial stage, q 0 ¼ 0 and at equilibrium
So, Equation (15) becomes
In this experiment, biosorption of MG on Sargassum biomass, the experimental data coincided well with Langmuir isotherm model. Hence, to obtain the weight by volume ratio, Equation (15) is substituted with the q 1 values. In the present investigation, it was concluded that the amount of biosorbent is more or less proportional to the volume of dye to be treated. The biosorption at different initial dye concentration is calculated using the following equation:
Continuous column studies
The batch experiment studies has widened the door for the continuous studies. In relevance to the batch study report, Sargassum has an indomitable biosorption capacity. Therefore, S. swartzii has strong tendency for the treatment of MG containing wastewater. In the present investigation, MG removal was evaluated in continuous mode of operation in a packed bed column (Figure 8 ). Figure 9 shows the attainment of breakthrough curve whilst passing the MG dye solution through the algal biomass. Due to the accumulation of MG ions in the biosorbent, there is no vacant space for occupying the adsorbate molecules. Therefore, both the outlet and inlet concentration are consistent. Hence, no more biosorption is possible on to the biosorbent. Thus, it can be reused after the successful regeneration process. In the present study, ∼60 mL of aqueous dye solution was treated in a fixed bed column using the 0.1 M HCl 
Cost-estimation of algal seaweed
Nowadays, disposal of any material is quite tedious. Sargassum is a naturally produced seaweed abundantly present in coastal areas. These seaweeds are produced splendidly in this area. A study report has shown that approximately 2 million tons of macro-algae are harvested per year, out of which some macro-algae have some medicinal applications but most seaweeds are dumped and create various environmental problems and threaten surrounding people. So it is well understood that seaweed material is to be managed in some way. Under these circumstances, the application of biosorption has thrown a light over the remediation of threatening seaweed in the coastal location. So, this waste biomass can be used as biosorbent for the sequestration of dye-bearing wastewater. Hence, this method of biosorption has been widely accepted for the treatment of waste effluents. Further, the cheap raw-material algal seaweed has again opened the way towards successful operation of the biosorption process. Thus, the proposed biosorbent Sargassum is lower and is a cheap renewable raw material for the biosorption of MG. Therefore, it is a low cost and most promising biosorbent. Hence, Sargassum would definitely serve as an alternate for the activated carbon commercially available for the removal of basic dye from the aqueous solution.
CONCLUSION
The present investigation was to test the capacity of biosorption of S. swartzii for the removal acidic cationic dye MG from the aqueous solution. The data obtained from the experiments show that Sargassum is a proven effective biosorbent. Sargassum, a locally available and cost-free biosorbent is an added advantage for the biosorption of dye. Hence, the resulting biosorbent Sargassum would definitely serve as an economically viable sorbent for the sequestration of dye from the wastewater. The experimental results were modeled by applying the following isotherm models, namely Langmuir, Freundlich and Temkin. Langmuir isotherm describes the isotherm at various pH conditions well. From this Langmuir model, it is concluded that as pH increased, uptake of dye also increased, giving a maximum biosorption capacity of 111.1 mg/g. The biosorption kinetics at a constant biosorbent dosage follows pseudosecond-order with varying a range of initial concentrations. The thermodynamic parameters showed that the biosorption of MG ions onto S. swartzii was spontaneous, endothermic and increased randomness under the present experimental conditions. The dried biomass of S. swartzii shows good mechanical stability, flow permeability and MG uptake capacity in column operations. Further, the regeneration studies of S. swartzii can be used after washing with 0.1M HCl. Therefore, the naturally available marine brown algae S. swartzii emerged as a potent and most promising biosorbent for the removal of MG dye-bearing wastewater. 
